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ABSTRACT 

The e f f o r t s  o f  a r e c e n t  s t u d y  aimed a t  i d e n t i f y i n g  
key i s s u e s  and t r a d e - o f f s  a s s o c i a t e d  w i t h  u s i n g  a 
F l i g h t  T e l e r o b o t i c  S e r v i c e s  (FTS) t o  a i d  i n  Space 
S t a t i o n  assembly-phase t a s k s  i s  d e s c r i b e d .  The 
u s e  o f  au tomat ion  and r o b o t i c  (A&R) t e c h n o l o g i e s  
f o r  l a r g e  space  sys t ems  would i n v o l v e  a s u b s t i t u -  
t i o n  of au tomat ion  c a p a b i l i t i e s  f o r  human EVA o r  
I V A  a c t i v i t i e s .  A methodology is p r e s e n t e d  t h a t  
i n c o r p o r a t e s  a s ses smen t  of c a n d i d a t e  assembly- 
phase  t a s k s ,  t e l e r o b o t i c  per formance  c a p a b i l i t i e s ,  
development c o s t s ,  and e f f e c t s  of o p e r a t i o n a l  
c o n s t r a i n t s  (STS, a t t a c h e d  pay load ,  and p rox imi ty  
o p e r a t i o n s ) .  Changes i n  t h e  r e g i o n  of c o s t - e f f e c -  
t i v e n e s s  a r e  examined under  a v a r i e t y  of sys tem 
d e s i g n  a s sumpt ions .  

A d i s c u s s i o n  o f  i s s u e s  is  p r e s e n t e d  w i t h  f o c u s  on 
t h r e e  r o l e s  t h e  FTS might  s e r v e :  (1 )  as  a 
r e s e a r c h - o r i e n t e d  t e s t b e d  t o  l e a r n  more about  space  
usage  of t e l e r o b o t i c s ;  ( 2 )  a s  a r e s e a r c h  based 
t e s t b e d  hav ing  an  e x p e r i m e n t a l  demons t r a t ion  
o r i e n t a t i o n  w i t h  l i m i t e d  assembly  and s e r v i c i n g  
a p p l i c a t i o n s ;  o r  ( 3 )  as  a n  o p e r a t i o n a l  sys tem t o  
augment EVA and t o  a i d  t h e  c o n s t r u c t i o n  of t h e  
Space Station and t o  r educe  t h e  programmatic 
( s c h e d u l e )  r i s k  by i n c r e a s i n g  t h e  f l e x i b i l i t y  of 
mis s ion  o p e r a t i o n s .  

INTRODUCTION 

There h a s  been c o n t i n u i n g  i n t e r e s t  i n  t h e  u s e  of 
t e l e r o b o t i c s  f o r  Space S t a t i o n  a c t i v i t i e s  as a 
p o s s i b l e  means f o r  r e d u c i n g  E V A / I V A  a c t i v i t i e s  and 
o p e r a t i o n s  c o s t s ,  i n c r e a s i n g  s a f e t y ,  and improving 
t h e ' t e c h n o l o g y  base  and sp in -o f f  p o t e n t i a l  of 
t e l e r o b o t i c s  (NASA/JSC, Janua ry  1 5 ,  1987; N a t i o n a l  
Academy of S c i e n c e s ,  1986) .  A l a r g e - s c a l e  a n a l y s i s  
of t h e  Space S t a t i o n  assembly  phase  by t h e  Cr i t i ca l  
E v a l u a t i o n  Task Force  (CETF, 1986) i n  t h e  F a l l  of 
1986 r e s u l t e d  i n  t h e  concern  t h a t  t h e  r e q u i r e d  EVA 
hour s  f o r  assembly  exceeded  on -o rb i t  EVA t i m e  
c o n s t r a i n t s .  T h i s  conce rn  r e s u l t e d  i n  t h e  recom- 
mendation t h a t  a F l i g h t  T e l e r o b o t  S e r v i c e r  (FTS) 
be used a s  an o p t i o n  f o r  p o s s i b l e  u s e  s t a r t i n g  a t  
F i r s t  Element Launch (FEL--the f i r s t  f l i g h t  i n  t h e  
Space S t a t i o n  c o n s t r u c t i o n  p h a s e ) .  While t h e  CETF 
recogn ized  t h a t  a n  FTS cou ld  make a s u b s t a n t i a l  
c o n t r i b u t i o n  t o  r e d u c i n g  EVA d u r i n g  t h e  c o n s t r u c -  
t i o n  phase ,  i t  w a s  n o t  c l e a r  whether  such  a sys tem 

b u i l t  w i t h  an  i n h e r e n t  t e c h n i c a l  r i s k  would be  
c o s t - e f f e c t i v e .  T h i s  q u e s t i o n  mot iva t ed  t h e  need 
f o r  t h e  methodology p r e s e n t e d  h e r e i n .  

A key m i l e s t o n e  f o r  Space S t a t i o n  assembly ,  t h e  
Permanent ly  Manned C o n f i g u r a t i o n  (PMC), i s  t h e  
p o i n t  a t  which a s t r o n a u t s  can  r e s i d e  f o r  l o n g  
p e r i o d s  on o r b i t  w i thou t  r e t u r n i n g  t o  e a r t h  w i t h  
t h e  Space S h u t t l e .  The p e r i o d  from FEL t o  PMC 
i s  s e v e r e l y  c o n s t r a i n e d  f o r  EVA r e s o u r c e s ,  due t o  
t h e  s h o r t  (Shu t t l e -based )  t i m e  i n t e r v a l s  f o r  con- 
s t r u c t i o n  ( approx ima te ly  one  week). There  i s  a 
need t o  d i s p l a c e  EVA r e s o u r c e s ;  where "need" is  
d e f i n e d  as  a n  FTS c a p a b i l i t y  t o  r educe  crew-EVA 
t i m e  so  t h a t  a b s o l u t e  Shu t t l e -based  EVA l i m i t s  are 
n o t  exceeded .  Fu r the rmore ,  t h e  FTS must accom- 
p l i s h  t h i s  r e d u c t i o n  i n  a manner t h a t  is a t  l ea s t  
as c o s t - e f f e c t i v e  and r e l i a b l e  as a v a i l a b l e  a l t e r -  
n a t i v e s .  The d e g r e e  of mismatch between t a s k  
a c t i v i t i e s  and EVA r equ i r emen t s  d u r i n g  t h e  con- 
s t r u c t i o n  phase  r e s u l t s  i n  e x c e s s i v e  EVA (which is 
expens ive  and h a z a r d o u s ) ,  a d d i t i o n a l  power 
r e q u i r e m e n t s  f o r  t h e  Space S t a t i o n  ( t o  s u p p o r t  
t h e  a d d i t i o n a l  crew t o  per form t h e  EVA t a s k s ) ,  and 
p o t e n t i a l  a d d i t i o n a l  STS f l i g h t s  t o  "make up" 
s h o r t a g e s  o f  EVA t i m e .  A f t e r  PMC, t h e  v a l u e  of 
t h e  FTS can  be  a rgued  t o  depend on a more complex 
set  o f  c o n s i d e r a t i o n s :  l i f e - c y c l e  c o s t ,  produc- 
t i v i t y  g a i n s ,  s a f e t y  improvements,  t echnology s p i n -  
o f f s ,  and o t h e r  f a c t o r s .  T h i s  paper  f o c u s e s  on 
c o s t  f a c t o r s :  c o n s i d e r a t i o n s  such  as s a f e t y  and 
t echno logy  sp in -o f f  b e n e f i t s  were n o t  e x p l i c i t l y  
a d d r e s s e d .  

The purpose  of t h i s  pape r  i s  t o  p r e s e n t  an  approach  
f o r  a s s e s s i n g  t h e  f e a s i b i l i t y  of u t i l i z i n g  tele- 
r o b o t i c  svs t ems  i n  t h e  s p a c e  environment and 
p r e s e n t  t h e  r e s u l t s  of a n  a p p l i c a t i o n  of t h e  
methodology t o  t h e  Space S t a t i o n .  The r e s u l t s  and 
d e s i g n  i s s u e s  encoun te red  are based  on a r e c e n t  
i n v e s t i g a t i o n  by t h e  a u t h o r s  (Smith,  e t  a l . ,  1987) .  

APPROACH FOR COMPARING SPACE STATION TELEROBOTICS 
OPTIONS 

A comparisor. o f  Space S t a t i o n  t e l e r o b o t i c s  o p t i o n s  
i n v o l v e s  many complex f a c t o r s .  The o b j e c t i v e  is  
t o  p rov ide  a sys t ems- l eve l  methodology t h a t  addres -  
ses t h e  impor t an t  components a f f e c t i n g  t h e  v a l u e  
of an  FTS t o  t h e  assembly  phase .  The approach ,  
i l l u s t r a t e d  i n  F i g u r e  1, is  d e l i n e a t e d  below. 
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Figure 1. FTS Assembly Phase Study Approach 

Technically Feasible Task Set 

A technically feasible task set is derived from a 
list of task activities (based on CETF, contractor 
studies, etc.) in the areas of assembly, payload 
servicing, and maintenance. In parallel, an FTS 
"Reference System" is defined based on a review 
of potential technologies required to implement 
the tasks, and, that will be available by FEL 
(i.e., 1996). For the Space Station application, 
an FTS Reference System is derived that could 
perform a subset of the assembly phase tasks at a 
level of technical readiness corresponding to the 
FEL date (although the technically feasible task 
set and corresponding Reference System may 
initially be somewhat incompatible with total 
system constraints). However, the purpose of this 
step is to capture the possible extent of task 
requirements and capabilities before applying 
operational constraints to insure the final refer- 
ence configuration functionality is synchronized 
with all system constraints. 

Operational Constraints 

The operational constraints consist of EVA and IVA 
budgets and proximity operations rules that reduce 
the technically feasible task set to an operation- 
ally feasible task set. The following categories 
of activities were examined to estimate the EVA 
and IVA times for two cases: EVA-Only (no FTS) 
and EVA+FTS (FTS present) (NASA/JSC: March 1986; 
November 1986; January 8, 1987). 

(1) Assembly tasks 
(2) Maintenance tasks 
( 3 )  Attached payload setup and servicing tasks 

The operational constraints are overlaid on the 
technically feasible tasks set to derive an 
operationally feasible task set, and the FTS 
Reference System definition is revised to reflect 
the operational constraints. The EVA and IVA 
times for the two cases were estimated by flight, 
category (assembly, maintenance, and attached pay- 
loads), and year during the construction phase 
to measure the savings accrued by the FTS during 
the operations phase (Machell, 1986, McDonnell- 
Douglas, 1986). 

Flight Telerobotic Servicer (FTS) Reference System 

To assess the benefits and costs of an FTS, a 
design concept is required to focus the required 
technology capabilities and estimate costs. An 
FTS system is needed that is appropriate for 
specific EVA tasks required for assembly and 
operation of the Space Station between FEL and 10C. 
Such an FTS forecast addresses the availabilitv of 
critical constituent technologies required at FEL, 
an< highlights essential support characteristics 
such as FTS reliability. maintenance, and associa- 
ted logistics support. 
capabilities must also consider schedule require- 
ments (when must the system be operational), 
technology and system integration, svstem verifica- 
tion and testing, and system integration into Space 
Station operations. The study objective was to 
identify a low-risk, technically feasible FTS 

Selection of technology 
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Reference System that could be ready by FEL and 
could perform a set of operationally feasible tasks 
during the Space Station construction phase. 

Before developing a reference configuration, the 
functional requirements for the system as a whole 
must be understood (NASA/JPL, 1986). As the 
desired functional capabilities are explored, 
obvious conflicts between FEL functions and tech- 
nologies are identified and used as discriminators 
to maintain the list of functional requirements 
within the realm of feasibility (e.g., tasks 
requiring a considerable amount of on-line planning 
for fault management, or a large degree of dexter- 
ous manipulation, would not have the commensurate 
technology in place to meet the task needs). 
Tasks considered technically feasible in the FEL 
to IOC time frame include (1) basic assembly tasks 
such as pallet handling, worksite preparation, or 
truss construction in a well-defined, almost indus- 
trial robotic type environment, ( 2 )  simple orbital 
replaceable unit (ORU) change-out and inspection 
type tasks on payloads, ( 3 )  Space Station support 
tasks such as surface cleaning and inspection, 
( 4 )  pick-and-place type logistic tasks such as 
transferring components or fluid consumables from 
the Shuttle to the Station, and (5) other support 
such as transporting equipment from one place to 
another, holding equipment in place while it is 
worked on by EVA astronauts, or providing on-site 
visual monitoring of an EVA task. 

Given a set of possible technically feasible tasks, 
telerobot technologies are matched against those 
tasks. The key variables in selecting the techno- 
logies are: 

(1) Level of technology readiness (i.e., with 

(2) Degree of system integration 
( 3 )  Accuracy and repeatability requirements 
( 4 )  Reliability 
( 5 )  Retrofit considerations for future 

FEL being the deadline for delivery) 

capabilities growth 

An important element of technology readiness is 
whether the technology has the potential for being 
flight-qualified by FEL (Zimmerman and Marzwell, 
1985). Empirical data gathered on system develop- 
ment elapsed time from concept to full operational 
capability (i.e., space qualification) suggest a 
time frame between five and ten years for moder- 
ately complex systems, and ten to twenty years 
for complex systems. Therefore, considering the 
FTS system as a moderate-to-complex design with an 
appropriate logistics support program in place by 
FEL, it was determined that likely FTS robotic 
technologies would probably not exceed the present 
state-of-the-art unless an aggressively funded 
flight test program or other experience gathering 
mechanism were introduced to reduce risk. 

The next stop in identifying a reference system is 
to develop an array of "strawman" FTS configura- 
tions that contain the required robotic technolo- 
gies while meeting the projected task requirements. 
It was understood that the same tasks could be 
done in different ways, depending on the FTS 
configuration. For example, employing a more 

sophisticated configuration such a s  a mobile FTS 
versus a fixed FTS offers greater flexibility and 
a wider range of applicability in component hand- 
ling types of tasks. By developing several straw- 
man configurations, it is possible to understand 
how other factors such as operational constraints 
(e.g., FTS operations in proximity to EVA) might 
influence the selection of particular configura- 
tion over another. It is likely that EVA-FTS 
proximity operations constraints could severely 
limit the possibility of any type of free-flying 
FTS being deployed. System control constraints 
imposed by the task environment and available 
technology could also limit the ability of the 
system to compensate for self-induced or environ- 
mentally induced dynamic disturbances or changes 
in the pre-planned task environment. For control 
and vision purposes, the approach is to select the 
most reasonable reference configuration from the 
subset of strawman designs. This study, supporting 
an FEL in the early 199O's, resulted in a refer- 
ence design having a fixed base in which the fixed 
base is fastened and the FTS is transported 
manually to the base using the Shuttle RMS or the 
MSC where it is connected for operations. 

Assembly Phase ETJA and IVA Resource Estimates 

Due to large uncertainties in some of the data 
components, ranges are used to bound the results 
(a formal analysis of these uncertainties was not 
performed). The total EVA times per flight- 
interval for the EVA-Only and EVA+FTS cases are 
illustrated in Figure 2 using low-range EVA 
estimates for construction, maintenance, and 
attached payloads. The low-range values represent 
the lowest estimates for the EVA range obtained 
by adding all the low values together. A similar 
procedure was used for the high-range estimates. 
The aim was to bound the actual values by examin- 
ing the extreme low and high values. The esti- 
mates of Figure 2 are troubling. The estimated 
EVA required on five flights prior to PMC exceeds 
the budgeted amounts of 24 hours. This finding 
supports the argument that the CETF assembly 
sequence does not manifest within the CETF con- 
straints for at least three early flights. This 
is due primarily to construction on Flights 1 and 
2 and maintenance and attached payload contribu- 
tions on subsequent flights. The implication is 
that for the CETF design to work, one or more 
shuttle flights must be added, the current shuttle 
flights must be extended (unlikely), or there must 
be a re-manifesting of construction EVA to meet 
the constraints. It is the cost of additional 
shuttle flights that dominates the cost-effective- 
ness of the FTS. 

RESULTS: ASSEMBLY PHASE COMPARISON WITH AND 
WITHOUT THE FTS 

An economic model was developed to examine the 
cost-effectiveness of the FTS Reference System and 
to determine whether the FTS could be cost-effec- 
tive during the construction phase. The Net 
Savings model is: 
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F i g u r e  2 .  C o n s t r u c t i o n  Phase  EVA Estimates--Low- 
Range EVA Va lues  

Net Sav ings  Due t o  t h e  FTS Refe rence  System = 
( O p e r a t i o n s  and Main tenance  Cost o f  EVA-Only 

Opera t  i o n s  and Maintenance Cost of EVA+FTS 

Inves tmen t  Cost of t h e  FTS. 

Case minus 

Case) minus 

I f  t h e  ?Jet Sav ings  i s  p o s i t i v e ,  t h e  FTS Refe rence  
System i s  c o s t - e f f e c t i v e .  The u s e  of t h i s  approach  
r e q u i r e d  a c o s t  estimate of t h e  FTS Refe rence  
System and a bottom-up c o s t  (component-by-component) 
e s t i m a t e  was made u s i n g  t h e  component l i s t  f o r  t h e  
FTS Refe rence  System (Smi th ,  e t . a l . ,  1987) .  An 
estimate of $277 m i l l i o n  (M) t o  $304 M w a s  
o b t a i n e d  f o r  t h e  FTS ( e x c l u d i n g  non-prime cos t s - -  
t h e  c o s t s  of managiqg t h e  prime c o n t r a c t s  and 
s p a r e s  c o s t s ) .  The c o s t s  and b e n e f i t s  f o r  t h e  
development o f  t h e  FTS up t o  t h e  comple t ion  of t h e  
c o n s t r u c t i o n  phase  were examined. A t  i s s u e  w a s  
t h e  f e a s i b i l i t y  o f  u s i n g  t h e  FTS t o  assist  i n  t h e  
asscmbly  p r o c e s s .  Thus, b e n e f i t s  t o  u s e r s  o r  t h e  
S t a t i o n  a f t e r  t h e  c o n s t r u c t i o n  phase  w e r e  n o t  
examined. FTS ground o p e r a t i o n s  c o s t s  were 
inc luded  u s i n g  e s t i m a t e s  of FTS o p e r a t i n g  c o s t s .  
Using t h e s e  c o s t  e s t i m a t e s  and t h e  EVA and I V A  
p r o f i l e s ,  a s e r i e s  of a n a l y s e s  were performed t o  
de t e rmine  t h e  f e a s i b l e  r e g i o n  f o r  t h e  FTS 
Reference  System. 

The r e s u l t s  i n d i c a t e  t h a t  d u r i n g  t h e  assembly  
phase  t h e  major  t r a d e o f f  e v o l v e s  a round t h e  c o s t  
of t h e  FTS and t h e  c o s t - p e r - f l i g h t  of t h e  STS. 

LEGEND 

EVA-Only 

EVA+FTS 

- Budge t  

Because o f  c a s e s  where t h e  e s t i m a t e d  EVA exceeds  
t h e  budget of 24 hour s  d u r i n g  FEL t o  PMC, a d d i -  
t i o n a l  f l i g h t s  must be added t o  make up t h e  
d i f f e r e n c e .  The c o s t  of any added f l i g h t s  as a 
major  f a c t o r  i n  t h e  c o s t - e f f e c t i v e n e s s  o f  t h e  FTS. 
F i g u r e  3 p r e s e n t s  one such  t r ade -o f f  r e g i o n  u s i n g  
t h e  low-range estimates o f  EVA/IVA and t h e  FTS 
c o s t  ove r  a r ange  o f  STS c o s t s  p e r  f l i g h t  from 
$105M t o  $178M. It is d i f f i c u l t  t o  de t e rmine  a n  
estimate f o r  STS p r i c e s .  
from below $100M t o  $150M d u r i n g  t h e  p re -Cha l l enge r  
e r a .  The assumpt ion  w a s  made t h a t  t h e  p r i c e  w i l l  
be  h i g h e r  i n  t h e  pos t -Cha l l enge r  era due t o  
i n c r e a s e d  s a f e t y  and r e l i a b i l i t y  r e q u i r e m e n t s ,  
component r e -des igns ,  and q u a l i t y  c o n t r o l  con- 
s t r a i n t s .  However, a r ange  o f  p r i c e  c u r v e s  is  
p r e s e n t e d  t o  p r o v i d e  a g e n e r a l i z e d  r e s u l t .  The 
FTS c o s t  r a n g e s  from a low $232M (NASA e s t i m a t e )  
t o  $340M ( N a t i o n a l  Research  Counc i l ,  1987) ;  t h e  end 
p o i n t s  were s e l e c t e d  mere ly  t o  bound t h e  t r a d e - o f f  
r e g i o n .  The a r e a  i n  t h e  c e n t e r  o f  t h e  r e g i o n  
bounds t h e  FTS Refe rence  System e s t i m a t e d  c o s t s .  
A s  an  example,  i f  w e  assume a STS c o s t  of $150M, 
t h e  FTS w i l l  b r e a k  even  i f  i t  can be  b u i l t  f o r  a 
c o s t  of $292M or less. I f  t h e  FTS c o s t s  more than  
$292M, i t  w i l l  n o t  be c o s t - e f f e c t i v e  ( u n l e s s  t h e  
STS p r i c e  i s  a c t u a l l y  h i g h e r ) .  For t h e  o t h e r  
p o i n t s  on any o f  t h e s e  c u r v e s ,  t h e  e s t i m a t e d  n e t  
s a v i n g s  can  be  r ead  from t h e  a x i s  on t h e  l e f t .  

Also, n o t e  t h e  term "Mixed Man i fe s t ing"  on F i g u r e  3.  
This  r e f e r s  t o  a s sumpt ions  made r e g a r d i n g  how 

Estimates have ranged  
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Figure 3. FTS versus STS Trade-off Region 

excess EVA is remanifested on subsequent flights 
if an additional flight is required. Note that as 
manifesting becomes inflexible, the FTS cost 
effectiveness region moves up (toward cost-effec- 
tive) and as manifesting becomes flexible, the FTS 
cost-effectiveness moves down (toward less  cost- 
effective). 

If the scenario is moved toward the flexible mani- 
festing assumption, the trade-off region moves 
down (toward less cost-effective) because fewer 
overall flights are required. If the scenario is 
moved toward the inflexible manifesting assump- 
tioc, the region moves up (more STS flights are 
required). Furthermore, as the differences between 
the number of additional flights in the EVA-Only 
case and the EVA+FTS cases (if any) becomes larger, 
the width or spacing between the curves also 
becomes larger. 
(approximately -0.75) is an indication that for 
each reduction in FTS cost of one dollar, there is 
an increase in net savings of only $0.75. 
remaining 25% is the delivery cost and the effects 
of discounting. 

The region in Figure 3 is for the low-range EVA 
values. If the high-range EVA values are used, 
the region moves down. 
cost of the FTS increases, cost-effectiveness 
drops (the region shifts downward). 

Another parameter of interest is the EVA cost per 
hour used to estimate the cost of EVA hours used. 
As with the STS cost, the estimation of such a 
value is difficult. To examine the sensitivity Of 
the results to EVA cost per hour, three cases were 
examined using $45,000 ($45K), $35K, and $25K per 

The constant slope of the curves 

The 

Similarly, as the estimated 

hour. Note the apparent insensitivity of the 
region to this parameter. This is due to the 
magnitudes of the numbers between the FTS and STS 
costs. A decrease in the cost per hour simply 
places less value on the resource benefits the FTS 
can displace and thus makes the FTS region move 
down. At least for the assembly phase, it appears 
that EVA cost (summed over a reasonably short 
period of time) are dominated by the Shuttle 
ferrying costs. This result does not imply that 
life cycle Space Station EVA costs will be equally 
insignificant. The discount rate used in the above 
results is the Office of Management and Budget (OMB) 
value of 10% used for cost-benefit analysis on 
government projects. The effect of varying the 
discount rate was also examined using a 67: rate. 
The effect of reducing the discount rate is to move 
the trade-off region up significantly. This 
indicates that a lower discount rate would have a 
significant impact on improving the cost-effective- 
ness  of the FTS. 

DESIGN ISSUES AND IMPLICATIONS 

A key deisgn issue is to identify the key attri- 
butes of the FTS program that affect the trade- 
offs to be made between the numerous users the 
robotic system faces. If the attribute to be 
maximized is the commercial benefit to be derived 
from technology advances (i.e., spin-off poten- 
tial), then a different value equation (than net 
savings) will need to be constructed in order to 
accommodate these technologies to be stimulated, 
and thus the activities that the FTS can be used 
to demonstrate. It was assumed here that the 
objective was to maximize the overall value of 
the FTS to the Station. Thus, technology develop- 
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ment programs need to be instituted that enable 
FTS performance upgrades in areas that directly 
enhance FTS value to the Station. This could be 
done by identifying high-payoff applications 
amenable to acceptable-risk FTS system configura- 
tions. This assumption need not minimize the role 
of the FTS program in stimulating automation and 
robotic (A&R) technology development since both 
terrestrial spin-off and Station benefits can 
accrue from development of intelligently selected 
advanced technologies. 

The current study was performed over a period of 
time in which the Station design moved from the 
CETF concept to an abbreviated Phase I configura- 
tion. However, because the STS-based EVA activity 
is still highly constrained in the Phase I case, 
the results are likely to be robust. 

It is important to note that whether or not the FTS 
is cost-effective for the assembly phase, there are 
still legitimate uses under a number of scenarios. 
If the FTS is not cost-effective, it could still 
serve as a research and development testbed for 
post-IOC applications. If it is cost-effective, it 
could be used as an applications-oriented tool. 
Earlier studies have highlighted some of these 
role differences varying from a low-cost orbiter- 
based operational system to a space-based testbed 
for evolving telerobotics technologies (Goddard, 
1986). Although there is a range between an 
applications-oriented versus a demonstration- 
oriented FTS, even if marginally cost-effective, 
the FTS could still serve as  a backup, that could 
reduce schedule risks by providing a flexible 
assembly/servicing option for some additional EVA 
activity, if needed. This is an important design 
issue because it must be shown that a net risk 
reduction exists. Situations where the added risk 
of a large robot system (that could fail into a 
dangerous mode, or require extensive maintenance or 
EVA attention) must be understood prior to dedica- 
tion of the system to an operational role. A 
robotic system can play a testbed or demonstration 
role in order to gather experience with on-orbit 
operations at a point where the design of the 
operational system can be modified. The inter- 
faces between the human operators, the equipment, 
and the task requirements can be refined or 
revised to make better use of the synergistic 
potential of re-designed tasks coupled with FTS 
capabilities specifically designed for those 
tasks. If it is assumed that FTS operations are 
terminated at IOC, or that the FTS is not used 
for Station operations but rather for research and 
demonstration purposes, then there are other 
benefits this paper made no attempt to qualify. 
One class of benefits is the development of 
"lessons learned" that can be utilized to develop 
a future FTS that does play an integral role in a 
wider variety of Station and on-orbit operations. 
Such experience would provide a valuable database 
for guiding the design of future tasks and FTS 
capabilities. 

Note that the analysis performed herein is inher- 
ently conservative. Limiting the time frame of the 
analysis to the construction phase underestimates 
the actual benefits of an FTS by excluding any 

post-IOC benefits. If the FTS is assumed to con- 
tinue operations after IOC, the FTS feasibility 
region will tend to move upward (towards more 
feasible) for all cases. This paper presents a 
single solution out of many possible ones, and the 
results described are by no means optimal. The 
FTS option selected here was based on an analysis 
of estimated task requirements and estimated 
functional requirements. The focus was to identify 
the components that ought to be examined when 
comparing FTS options. Nonetheless, a number of 
recommendations are made. 

There is a need to examine the effects of risk in 
these comparisons (Smith, et al., 1985). Cost risk 
can be viewed directly using the net savings, or 
operations and maintenance (O&M),  equations to 
generate breakeven estimates for net savings and 
O&M costs. Then, as assumptions of the problem 
(such as software/integration costs) are varied, 
the impact on the breakeven point can be computed. 
Technical risk can also be studied in terms of the 
uncertainties in performance and reliability. In 
addition, the effects of specific risk elements, 
such as the effects of introducing suits requiring 
no pre-breathe step, EVA overhead, and the effects 
nn EVA if such a suit is not ready on schedule, 
could be singled out. An understanding of the r i s k  
and uncertainty effects would show how the FTS 
could help reduce program risk by adding flexibility 
to operations planning and contingency planning-- 
especially during FEL-PMC. There is value and 
benefit of having an FTS for the flexibility it 
provides for dealing with unscheduled events. 
Further study of the risk elements would quantify 
those benefits. 

Additional study is also needed for the alloca- 
tion of automation and robotic functions. Very 
different results can be achieved by locating 
such functions on the ground. With improved 
autonomous operations, Station IVA could be 
reduced. One question is whether to puruse 
advanced and potentially technically risky auto- 
nomous or semi-autonomous options versus an 
investment in on-the-ground remote telerobot 
operation capability. Such activity would iden- 
tify the issues related to the human factors and 
control technology problems of dealing with time 
delays in teleoperation feedback. 
possible to mitigate the problems of such time 
delays with predictive control and large scale 
dynamic task environment simulation technologies. 
The present paper has shown the magnitudes of the 
savings to be potentially large enough that a 
dedicated FTS relay system to provide near renl- 
time response might be an alternative worth 
considering. 
for extending the displacement of IVA and EVA task 
times while minimizing the technical risk of 
developing the system. If extended operations can 
be performed from the ground, the risk of requir- 
ing additional flights may be reduced and provide 
a schedule margin during the early FEL-PMC period 
when assembly elements must be completed within 
fixed, short term flight periods or risk mission 
failure. The area of allocation of aut.onomous and 
robotic functions and resources needs further 
examination to help designers select whether ASR 
upgrades are performed on the Station, incorporated 

It may be 

This will depend on the potential 
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into the FTS, or operated on 
Zimmerman, et al., 1985). 

A related allocation problem 

the ground (see 

that requires further 
understanding is the allocation of work among and 
between multiple robots (FTS, RMS, MSC, etc.) and 
crew EVA (co-EVA). Data on performance time ratios 
for such mixed tasks should be collected for a 
variety of tasks using neutral bouyancy studies and 
(eventually) on-orbit experience. The proximity 
operations rules for such operations will also have 
to be identified in detail. 

DISCUSSION AND CONCLUSIONS 

A number of conclusions can be drawn, based on a 
CETF-derived (30-flight) construction phase. 
Noting that the results are conservative in that 
benefits were not considered; safety benefits were 
not considered; and the effects of the satellite 
servicing facility were not examined; the following 
conclusions were drawn: 

The FTS Reference System identified herein 
appears to be technically feasible for 
development by FEL. 
The FTS Reference System is cost-effec- 
tive under a variety of conservative 
scenarios. 
The STS cost is the primary factor for 
FTS cost effectiveness due to avoidance 
of extra STS flights, driven by EVA 
reductions. 
The FTS is cost-effective at a 10% OMB 
discount rate but even more cost-effec- 
tive at a 6% rate. 
The assembly-phase is a maintenance 
problem (50% of total EVA is for mainten- 
ance versus 33% for construction). FEL- 
PMC is the primary construction problem. 
The FTS Reference System defined here is 
most suitable for performing: 
(a) Truss construction tasks 
(b) Limited ORU replacement tasks 
(c) Deployment of special equipment 
(d) Pallet handling, loading, and un- 

The potential exists for transferring some 
on-orbit tasks to ground operations given 
that appropriate technology and human 
engineering constraints are considered. 
The total estimated cost of the FTS 
Reference System is $277  to $304M (does 
not include non-prime costs or spares). 
There is a need for improved and more 
detailed data on task descriptions, time- 
liness, manifests, etc. updated quarterly 
or semi-annually and available via 
electronic mail, for example. 
A methodology for comparing automated and 
robotic options has been developed with 
specific applications to the FTS and its 
technical and cost feasibility for use 
during construction phase construction. 
Other A&R elements could be analyzed in a 
similar manner (see Zimmerman, Bard, 
Feinberg, 1985). 

loading tasks 

The approach described in this paper is intended to 
assist in the characterization of an assembly role 
for which an early robot or FTS might best be 
designed. Potential for cost-effective early 
operation argues for an FTS and host environment 
designed to facilitate performance of the selected 
FTS tasks. On the other hand, marginal early 
operating benefits suggest the option of treating 
the FTS initially as a testbed for development of 
advanced technologies that will later serve the 
Station in a more cost-effective manner. 

A related issue is that of reliability, or more 
accurately, program confidence in the reliability 
of the FTS to perform tasks determined analy- 
tically to be cost-effective. The Advanced 
Technology Advisory Committee and Space Station 
work package contractors have been remarkably 
consistent in their conclusions regarding which 
tasks were within the capabilities of telerobotic 
devices. Program personnel, citing the critica- 
lity of early (pre-PMC) EVA tasks, are consider- 
ably more skeptical. The CETF, for example, 
ultimately based its results on the use of deploy- 
able utilities in preference to use of an FTS, on 
the grounds that on-orbit construction by tele- 
robotic devices had never been attempted. This 
suggests that the subject of both ground and 
flight demonstrations of the FTS should be directed 
specifically toward whatever tasks the FTS might 
be applied to initially, particularly in cases of 
high task criticality. 

Finally, multiple competing goals have been articu- 
lated for the mandated FTS development program and 
it is not clear that the program adequately 
addresses this issue. For example, the goal of 
increased Station productivity and decreased opera- 
tional cost implies a high-reliability, low- 
technical risk, low-maintenance FTS that can be 
brought on-line early in the Station operating life. 
This approach cannot be easily reconciled with the 
aggressive station/FTS program schedule and less 
aggressive investment in A&R technology development. 
At the same time, it is clear from studies such as 
the CETF, that the "push-in here-pop-up there" EVA 
manifesting problem will not go away in the 
immediate future. 
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